attacks than did controls or patients with major depression. Subjects who experienced panic during 5% or 7% CO 2 inhalation had the most extreme increases regardless of diagnostic group. Among patients with PD, baseline end-tidal carbon dioxide levels were significantly lower in those who subsequently had a panic attack during 5% CO 2 breathing than those who did not.
Conclusions: Although CO 2 breathing causes a higher rate of panic attacks in patients with PD than other groups (except PMDD), the physiological features of a panic attack appear similar across groups. Once a panic attack is triggered, minute ventilation and respiratory rate increase regardless of whether the subject carries a PD diagnosis. These findings are compatible with preclinical fear conditioning models of anxiogenesis. Psychiatry. 2001; 58:125-131 M ANY STUDIES [1] [2] [3] [4] [5] from multiple groups have now documented that patients with panic disorder (PD) are likely to experience panic attacks and greater anxiety than healthy volunteers during inhalation of carbon dioxide (CO 2 ). These attacks tend to be mild and end quickly when CO 2 inhalation is stopped.
Arch Gen
At this point, it has been established that CO 2 -induced panic is relatively specific to patients with PD, [6] [7] [8] although patients with social phobia 9 and with premenstrual dysphoric disorder (PMDD) 10 may also be susceptible. It appears that CO 2 -induced panic may be relatively resistant to cognitive manipulations or desensitization, [11] [12] [13] [14] [15] [16] although not all studies are compatible with this finding. Finally, rates of panic during CO 2 inhalation decline after successful treatment of panic disorder. [17] [18] [19] Despite the wealth of data that have accumulated concerning CO 2 -induced panic, the mechanism of action and the neurobiological significance of this phenomenon are still obscure and also controversial. On the one hand, it has been argued that the susceptibility of patients with PD to high levels of anxiety during CO 2 breathing represents a specific abnormality in the afferent neural pathways that respond to increased levels of CO 2 . 20 Studies 21, 22 have shown that CO 2 sensitivity is increased in the clinically asymptomatic first-degree relatives of patients with PD, suggesting a familial and perhaps heritable abnormality.
On the other hand, it has been argued that because CO 2 breathing produces a sense of air hunger and breathlessness, it is highly reminiscent of the increased breathing and hyperventilation that are frequently experienced during naturally occurring panic. 23 The nonspecific somatic distress produced by CO 2 inhalation, according to this view, triggers the panic attack.
The issue of whether CO 2 -induced panic reveals a specific abnormality in the afferent sensory pathway or a nonspecific somatic trigger could be resolved by performing formal respiratory sensitivity testing in patients with PD. Because studies, [24] [25] [26] [27] including our first 2, yielded different respiratory physiology results, leading to different conclusions, we thought it was important to complete one more study, with a third and independent cohort of patients with PD and controls. In addition, in the present study we also included a group of patients with major depression (MD), who generally do not respond to agents that produce panic in patients with PD, and a group of patients with PMDD, who were shown in a previous study 10 to be sensitive to CO 2 breathing. The details of panic rate and anxiety generated during CO 2 breathing among the 4 groups are reported separately. Herein, we report on the ventilatory responses to CO 2 breathing. Two main questions are addressed: (1) Can we replicate one or the other of the findings of respiratory physiology differences during 5% or 7% CO 2 breathing between patients with PD and controls from the 2 earlier studies with this independent cohort? and (2) Is increased ventilatory response to CO 2 breathing specific to patients with PD or does it occur in any person having a panic attack regardless of diagnosis?
SUBJECTS AND METHODS

SUBJECTS
Four groups of subjects were studied, patients with PD, patients with MD, patients with PMDD, and healthy controls. The groups were similar in age and sex distribution ( Table 1) , except that all members of the PMDD group were women. There were no statistically significant differences in age among the groups.
Potential subjects for the study were referred by other mental health clinicians or responded to media advertisements. Some of the controls were recruited by the Normal Control Unit of the Mental Health Clinical Research Center at the New York State Psychiatric Institute, New York City.
After an initial telephone screen to rule out obviously ineligible subjects, potential participants were interviewed by a psychiatrist or psychologist (J.K., J.C., L.A.P.). If the subject appeared to meet criteria for the study, he or she was then seen by a second clinician who administered the Structured Clinical Interview for DSM-IV (SCID). In cases of disagreement between the clinician who performed the initial interview and the results of the SCID interview, an attempt at reconciliation was made, which was always successful. Disagreements were unusual and most often involved the identification by SCID interview of a secondary diagnosis that was missed by the initial interviewer but that did not affect study eligibility. The control subjects recruited from the Normal Control Unit underwent structured interview using the Schedule for Affective Disorders and Schizophrenia (SADS) before our psychiatric interview and also had brief SCID performed to be sure that no new psychiatric illness had emerged since the time the SADS was performed. If eligibility requirements were met, the subject next had a physical examination, electrocardiogram, and blood and urine tests for complete blood cell counts, routine chemistry analyses, thyroid function, pregnancy, urinalysis, and urine toxicology screen.
Eligible subjects then received a full description of the CO 2 inhalation procedures and signed informed consent documents. The study was approved by the institutional review board. The consent form clearly explained that physical sensations, anxiety, and panic attacks are possible during CO 2 inhalation and that the subject could have the CO 2 flow stopped immediately on request.
All subjects were required to be medically healthy, and the 3 patients groups were defined by DSM-IV 28 criteria.
Subjects were excluded if they had a lifetime history of schizophrenia, bipolar disorder, or obsessive-compulsive disorder or a history within the previous 6 months of substance use disorder or eating disorder, except that specific phobia and a history of adjustment disorder or minor depression (if SADS interview was used) more than 6 months before testing was permitted. Patients with PD could not have met criteria for MD within 6 months of testing. Secondary diagnoses of social phobia, specific phobia, dysthymia, and generalized anxiety disorder were permitted. Patients with MD could not have a history of anxiety disorder, except specific phobia, or have experienced a panic attack within 6 months of testing. Following testing, all patients were offered standard therapy, but subjects with PMDD were asked to complete 2 months of prospective rating scales (daily) to confirm the diagnosis of PMDD. Patients with PMDD could not have a history of anxiety disorder, except specific phobia, or have experienced a panic attack or met criteria for MD within 6 months of testing. Subjects were required to be free of psychoactive medication for at least 2 weeks before testing (6 weeks if fluoxetine had been used), but subjects were not specifically withdrawn from effective medication for this study. Patients with PD were permitted to take benzodiazepines in doses equivalent to diazepam, 10 mg/d, until 3 days before testing, but only 1 of the patients with PD in this study actually took any benzodiazepines (diazepam) within 2 weeks of testing.
PROCEDURES
Subjects were randomized by computer-generated numbers to receive 1 of 3 cognitive components before CO 2 inhalation that were delivered by videotape according to a uniform script presented by a single psychologist. The results of the cognitive component of the study are reported separately 15 and, because they did not influence panic rate, are not considered further in this report.
The subject reported to the Biological Studies Unit at the New York State Psychiatric Institute. A second urine pregnancy test was obtained for female participants to ensure that they had not become pregnant since the initial screening laboratory values were obtained. The subject was then asked to lie down on a bed, and recording electrodes for electrocardiogram and a blood pressure cuff were placed on the subject. Next, the subject's head was placed in the clear plastic head canopy. This canopy is vented at a rate of 40 L/min of air, preventing build-up of expired gasses.
RESULTS
SUMMARY OF PANIC RATES AND TIME SPENT BREATHING CO 2
A total of 124 subjects entered the study. Seven subjects were dropped from the PMDD group because of failure to validate the diagnosis after prospective monitoring, leaving 117 subjects. Table 1 gives data on panic rates by blinded rater assessment for each of the 4 groups. Discrepancies in total sample size are due to missing data.
One further subject had a panic attack during the first room air period and did not proceed further; therefore, 116 subjects actually breathed 5% CO 2 . Of these, 7 subjects had a panic attack before 5 minutes, and data were excluded from 5 subjects because of technical problems. Therefore, data for analysis of respiratory variables during 5% CO 2 breathing are available from 104 subjects. Of the subjects with analyzable respiratory data, 44 had PD, 20 had MD, 8 had PMDD, and 32 were controls. As will also be reported in more detail elsewhere, the panic rates for both 5% and 7% CO 2 breathing are significantly greater for patients with PD than controls.
The experiment was divided into five 20-minute periods as follows: (1) room air breathing to establish a first baseline value, (2) 5% CO 2 , (3) room air breathing to establish a second baseline value, (4) 7% CO 2 , and (5) room air breathing to establish recovery to baseline value. Subjects were also shown how to open the canopy, which can be done in seconds by flipping a latch. In fact, none of the subject did this. Finally, subjects were instructed that if they felt they could not continue to breathe CO 2 they should raise their right hand and the flow of CO 2 would be stopped immediately.
ASSESSMENTS
Two assessments of whether a panic attack occurred were made following each of the CO 2 inhalation periods. The first was made by a rater blind to subject diagnosis who had been trained to reliably make the judgment of panic occurrence by viewing videotapes of lactate infusions. The blinded rater was instructed to use the DSM-IV criteria for a panic attack but was not permitted to ask the subject if he or she had experienced an attack. The second was made by the subject, who pointed to a card to answer whether a panic attack had occurred while the blinded rater was out of the room.
Four respiratory measures were collected continuously throughout the 5 periods: tidal volume, respiratory rate, minute ventilation (the product of tidal volume and respiratory rate), and end-tidal carbon dioxide (ETCO 2 ). Exhaled air for ETCO 2 measurement was sampled by a small nasal cannula sensor. Because the measurement may not be completely accurate if a subject exhales only through the mouth, a soft plastic mask was placed over the subject's nose and mouth to ensure that all exhaled air passed by the ETCO 2 sensor. Heart rate and blood pressure data will be reported separately.
DATA ANALYSES
We wished to discern whether patients with PD have a different respiratory response to CO 2 than other groups and whether this is a function of having the disorder or of having a panic attack. The analysis is complicated because the very low rate of panic among patients with MD and healthy control subjects yields small cells for analyses broken down by diagnostic group and panic occurrence. To maximize the size of cells and still address the primary question, we performed as the main analysis a 2 (panic disorder vs all other groups combined)ϫ2 (panic vs no panic)ϫ6 (time points) repeated-measures analysis of covariance (RM-ANCOVA) for each of the 4 respiratory variables. The 6 time points represent the mean for the respiratory variable during the last 1 minute of the preceding baseline and the variable at minutes 1 through 5 of 5% CO 2 inhalation. After 5 minutes, the number of subjects in some cells declines to the point that analysis is no longer meaningful. This is because subjects were able to continue breathing CO 2 for varying lengths of time, with PD and PMDD patients always lasting the shortest length of time and controls and patients with MD the longest. Sex was the covariate. In this analysis, significant diagnostic groupϫtime interactions would indicate differential respiratory responses to CO 2 in patients with PD compared with other groups; significant panic vs no panic group ϫtime interaction would indicate differential respiratory response on the basis of whether an attack occurred; and a significant 3-way interaction would indicate differential respiratory response on the basis of both diagnosis and whether an attack occurred. Because previous work suggested that the blinded rater's assessment was more useful for separating groups on the basis of differences in respiratory responses than the subject's rating, we report analyses using the subject rating of panic only when they offer additional information.
In addition to the main analysis described here, which yields 4 RM-ANCOVA statistics, we performed a number of secondary analyses. These were a repeat of the strategy used for 5% CO 2 with data from the 7% CO 2 inhalation and a variant of the formal CO 2 sensitivity measure, the ratio of change in minute ventilation to change in ETCO 2 during CO 2 inhalation. For these analyses we used the last 5 minutes of baseline and the first 5 minutes during 5% and again during 7% breathing and performed a 4-diagnostic group analysis of variance. This was repeated with change in tidal volume and change in respiratory rate as the numerators and an examination of whether first baseline respiratory measures were associated with subsequent panic to 5% CO 2 . This was done by t tests for the last 5-minute baseline means of each of the 4 respiratory variables comparing all subjects who panicked with those who did not panic and then separately within each of the 4 diagnostic groups.
All tests are 2-tailed, with the significance level set at PϽ.05. When the Mauchly sphericity test was significant, the Greenhouse-Geyser correction of significance level was used.
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There was no significant difference in panic rate between patients with MD or control subjects. However, patients with PMDD were susceptible to CO 2 -induced panic attacks at a rate similar to patients with PD, and these 2 groups were not statistically distinguishable in terms of panic rate.
Among the subjects with PMDD, 4 were tested in the luteal phase of the menstrual cycle, 6 in the follicular phase, and 5 in both phases. No distinction is made in any of the analyses with respect to phase of the menstrual cycle; for the few women with PMDD who were tested twice, we used only the first test regardless of cycle phase. Table 1 shows the amount of time subjects actually breathed 5% and 7% CO 2 , broken down by group. Subjects with PD spent significantly less time breathing 5% CO 2 than controls (t 57.2 =−3.89, PϽ.001 by separate variance estimate) and significantly less time breathing 7% CO 2 (t 75.9 =3.90, PϽ.001 by separate variance estimate).
Subjects with PMDD also spent significantly less time breathing 7% CO 2 than controls (t 39 =2.53, P=.02). Figures 1, 2, 3, and 4 show minute ventilation, respiratory rate, tidal volume, and ETCO 2 responses to 5% CO 2 inhalation, respectively. Inspection of the figures shows that CO 2 breathing produced the expected increases in all 4 respiratory variables. The 2-group (patients with PD vs other diagnosis)ϫ2-response (panic vs no panic)ϫtime RM-ANCOVA yielded significant main effects for minute ventilation response for panic and time and significant interactions for groupϫpanic and panicϫtime. The group effect and groupϫtime interaction were not significant. Inspection of Figure 1 shows that subjects without PD who panicked had the most extreme reaction, followed by subjects with PD who panicked. The 2 groups of subjects who did not panic, with or without PD, had virtually the same minute ventilation response. For respiratory rate, there were significant main effects for panic and time. Again, the main effect for group was not significant. For tidal volume, there were significant main effects for panic and time and a significant groupϫpanic interaction. Here, the subjects without PD who panicked had a more extreme reaction than those with PD who panicked, those with PD who did not panic, and those with other diagnoses who did not panic. The latter 3 groups had virtually the same tidal volume response. Finally, for ETCO 2 , there were significant main effects for panic and time. In summary, for all measures the response to 5% CO 2 varied more with respect to whether a panic attack occurred than whether the subject had PD.
PHYSIOLOGICAL RESPONSE TO CO 2
Analyses of data from the 7% CO 2 inhalation experiment are generally similar to the 5% CO 2 inhalation experiment. For minute ventilation, there were significant main effects for time and panic and significant interactions for group ϫ panic (F 1,70 = 7.50, P = .008) and panicϫtime (F 1.6,115 =6.02, P=.006) (data not shown but available on request from the authors). For respiratory rate, there was a significant panic ϫ time interaction (F 2.6,184 =4.22, P=.009); for tidal volume, a significant main effect for panic; and no significant findings for ETCO 2 . The significant groupϫpanic interaction for minute ventilation response to 7% CO 2 is the only instance in which diagnostic group membership was a significant factor, but in this case the group with the most extreme reaction were those without PD who panicked. Hence, the data again indicate that having a panic attack was more important than having PD in distinguishing respiratory response.
None of the CO 2 sensitivity analyses yielded significant differences among groups regardless of whether minute ventilation, tidal volume, or respiratory rate was used as the numerator.
Finally, Table 2 gives data and statistics for baseline respiratory measures broken down by panic status and diagnostic group. Although the t test was not significant for the entire sample, the ETCO 2 was significantly lower in subjects with PD who panicked than in those with PD who did not panic (t 38.77 =4.267, PϽ.001, n=48 by separate variance estimate). However, minute ventilation, respiratory rate, and tidal volume were significantly higher in subjects who panicked than in those who did not panic among the control and PMDD groups (data not shown).
COMMENT
These data fit with a growing body of studies that should influence theories about panic to CO 2 and panic disorder neurobiology in general. Unlike our very first CO 2 inhalation study, 24 done a decade ago, we have now shown on 3 occasions that there is no difference in minute ventilation response to CO 2 inhalation or in formal CO 2 sensitivity between patients with PD and other groups. With this weight of data, substantiated by others, 23, 27 it is reasonable to consider theories that implicate central brain circuits rather than or in addition to abnormalities in the pulmonary, peripheral (aortic arch), or medullary chemoreceptor. It is clear that patients with PD have a substantially higher rate of panic attacks and develop more anxiety during CO 2 inhalation than other groups, but there does not seem to be anything fundamentally abnormal about these patients' ventilatory physiology.
The present data suggest, therefore, that the panic response to CO 2 involves a generalized fear response that, although more common among patients with PD than almost any other diagnostic group or healthy controls, can still occur in people who do not have PD. This view gains further support from the association between lower baseline ETCO 2 and panic response to 5% CO 2 breathing. Such relative hypocapnia suggests that patients with PD who panicked when breathing 5% CO 2 were already anxious and hyperventilating before CO 2 inhalation started. Previously, we showed that low baseline PCO 2 levels, high cortisol levels, and increased anxiety are associated with panic to sodium lactate infusion. 29 It should be noted, however, that increased respiration also predicted panic in 2 other groups in this study. Hence, baseline respiratory activity also seems to be a diagnostically nonspecific aspect of CO 2 panic. There is evidence that the tidal volume response to CO 2 inhalation is a genetically mediated function that reflects the sensitivity of the medullary chemoreceptor. 30 The respiratory frequency response, on the other hand, is caused by the anxiety produced by the breathlessness and mechanical discomfort that occur when breathing CO 2 . Interestingly, increase in respiratory rate rather than tidal volume distinguishes those who panic when breathing CO 2 from those who do not 26, 27 and is apparently the respiratory response to conditioned fear in experimental animals. 31 We and others have noted the remarkable similarity between the physiological events that occur during stimulation of the amygdala in an experimental animal or human [32] [33] [34] and those that occur during a panic attack. 35, 36 This has led to the widespread hypothesis that the neural circuit that subserves conditioned fear in animals may also be responsible, at least in part, for panic. The present findings with CO 2 inhalation fit this theory nicely. When asked to breathe CO 2 , all subjects experience an obligatory increase in respiratory rate and tidal volume. This is tolerated by most individuals, even those with depression or obsessive-compulsive disorder. Patients with PD, however, experience the hyperventilation, breathlessness, and general somatic discomfort that they routinely experience during panic attacks. According to this view, CO 2 inhalation leads to stimulation of the neural circuit subserving fear in the patient with PD or any subject who panics, perhaps including activation of the amygdala and its projection sites. This causes, among other things, a greater increase in respiratory rate in the patient who panics compared with the patient who does not, further signaling danger and resulting in the panic attack itself.
To support this theory, it would be important to show that acute (short-term) fear in humans is accompanied by stimulation of the amygdala and other parts of the neural "fear" circuit and that patients with PD have an abnormally sensitive response in this circuit. This has been shown in healthy volunteers undergoing fear conditioning 37 and in patients with social phobia during a cognitive challenge. 38 Studies of patients with PD at rest indicate differences in activity compared with controls in limbic brain areas that include the hippocampus and the amygdala. 39, 40 There are a few methodologic shortcomings and theoretical objections that should be considered in interpreting our data. First, sample sizes in some of the cells are extremely small. This is due in part to the finding that control subjects and patients with MD rarely panic at CO 2 inhalation; therefore, hundreds of these subjects would have to be tested to yield a meaningfully larger number of patients who panic. Second, we recruited only a handful of patients with PMDD and did not control for phase of the luteal cycle. The analogy between a panic attack and the animal model of fear conditioning is not, to be sure, perfect. There is no evidence to date that PD is caused by conditioning; indeed, a requirement for the diagnosis of PD by DSM-IV is that the initial attack must be "spontaneous."
Carbon dioxide inhalation has proven to be a useful tool in understanding the cognitive and physiological characteristics of panic attacks. Furthermore, it is a medically benign procedure that is noninvasive and well tolerated. However, we believe that this study indicates its major limitation: ultimately, this type of CO 2 study can only inform us about peripheral and brainstem function. Clearly, PD is a complex illness that certainly involves higher brain regions. We believe that CO 2 studies have now pointed the way to the future of neurobiological research in PD that will require neuroimaging of cortical and subcortical sites. Nevertheless, our current data, the last in our series of studies examining the respiratory physiology associated with CO 2 -induced panic, clearly suggest the importance of looking beyond peripheral explanations and attempting to integrate the human data with the vast array 
